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Oriented  thermoelectric  (TE)p-Sb2Te3  and  n-Bi2Te3  thin  films  with  special  nanostructures  have  been  syn¬ 
thesized  by  a  simple  vacuum  thermal  evaporation  technique.  The  composition  and  microstructure  of  the 
films  were  studied  by  X-ray  diffraction  (XRD)  and  scanning  electron  microscopy  (SEM),  presenting  a  well 
preferential  crystal  growth  with  dense  slender  columnar  grains  grown  perpendicular  to  the  substrate, 
and  energy  dispersive  X-ray  spectrum  (EDX)  indicating  the  compositions  distribution  in  the  films.  The 
electric  transport  properties,  i.e.,  conductivity  and  Seebeck  coefficient,  and  the  thermal  transportation 
of  the  oriented  films  show  optimized  properties.  Prototype  devices  were  built  up  by  p  and  n  elements 
in  series  and  parallel  circuits.  The  largest  output  power  and  cooling  could  be  achieved  in  Sb2Te3  paral¬ 
lel  device  with  Pmax  =  6.51  pW  at  AT=  1 06  K,  and  cooling  of  4.1  K  at  2  V.  The  24-pair  p-n  couples  series 
device  could  output  maximum  voltage  of  313  mV  at  AT  =102  K.  The  power  generation  and  the  cooling  of 
the  devices  show  times  enhanced  TE  performances  than  those  consisting  of  common  films.  The  results 
proved  that  introducing  nanostructures  into  films  is  an  effective  choice  to  obtain  high-efficient  micro  TE 
device. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  solid  state  based  conversion  of  heat  to  electricity,  and  vice 
versa,  using  thermoelectric  (TE)  materials  have  many  attracting 
applications,  such  as  waste  heat  recovery  in  automobiles  or  indus¬ 
trial  processes,  solar  thermal  energy  generation,  optoelectronics, 
body-heat  powered  biomedical  devices,  spot  cooling  of  microelec¬ 
tronics,  and  so  on  [1-5].  However,  the  low  output  power  and 
cooling  efficiency  have  long  been  the  problems  of  the  current  TE 
films  devices.  The  output  power  and  cooling  efficiency  of  a  thermo¬ 
electric  module  depend  largely  on  the  material’s  TE  properties.  The 
TE  efficient  is  defined  by  figure-of-merit  (ZT),  which  is  expressed  as 
ZT  =  (52ct//c)T,  where  S,  cr,  /c,  and  T  are  the  Seebeck  coefficient,  elec¬ 
trical  conductivity,  thermal  conductivity  and  absolute  temperature, 
respectively.  ZT  can  be  improved  by  introducing  nano-scale  struc¬ 
tures  in  materials  [6].  In  this  way,  the  Seebeck  coefficient  can  be 
increased  by  means  of  thermionic  emission  [7-10],  and  the  ther¬ 
mal  conductivity  can  be  significantly  reduced  through  enhanced 
or  modified  scattering  of  phonons  by  the  interfaces  of  quantum 
wells  (QW)  superlattices,  surfaces  of  nanowires  (NWs),  or  the 
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grain  boundaries  in  nanocrystalline  materials  [11-13].  Research  on 
low-dimensional  thermoelectrics  systems  over  the  last  decade  has 
shown  that  as  the  dimensionality  of  a  good  thermoelectric  material 
is  reduced  from  bulk  to  lower  dimensionality,  there  are  increasing 
opportunities  to  enhance  its  thermoelectric  performance  by  intro¬ 
ducing  interfaces  which  will  preferentially  scatter  phonons  relative 
to  electrons  and  by  allowing  more  independent  manipulation  of  the 
transport  coefficients  to  control  the  thermoelectric  figure-of-merit. 
It  is  well-known  that  nanowires  can  help  to  improve  the  figure 
of  merit.  But  single  nanowire  is  limited  in  fabrication  TE  devices, 
while  nanopillar  array  can  realize  wafer-level  processing  including 
lithography  and  anisotropic  etching  for  improving  performances  of 
a  wafer-scale  TE  device  as  proposed  recently  [14]. 

Snyder  et  al.  reported  that  the  device  with  1 26  n-type  and  p- type 
(Bi,  Sb)2Te3  TE  elements  had  been  fabricated  by  an  electrochemi¬ 
cal  deposition  method.  The  device  can  produce  estimated  output 
power  (Pmax)  of  1  pAV  by  illumination  with  a  lamp,  and  an  average 
temperature  drop  of  2  K  at  the  optimal  applied  current  of  110  mA 
[15].  Bottner  et  al.  reported  that  the  device  containing  12  n-Bi2Te3 
and  p-(Bi,  Sb)2Te3  TE  elements  was  fabricated  by  sputtering.  The 
maximum  output  power  Pmax  of  0.67  pW  was  obtained  at  a  tem¬ 
perature  different  AT  of  5K  [16].  Takashiri  et  al.  fabricated  Bi-Te 
alloy  thin  films  by  a  flash  evaporation  method.  The  overall  size  of 
the  films  is  24  mm  wide,  22  mm  long,  1  mm  thick,  consisting  of 
7  p-n  couples.  The  output  voltage  Vop  of  83.3  mV  and  maximum 
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Fig.  1.  Process  flow  of  the  thermoelectric  parallel  (left)  and  series  (right)  film  devices.  For  the  parallel  device,  (a)  First  step:  p-Sb2Te3  or  n-Bi2Te3  film  is  deposited  by  thermal 
evaporation  technique  via  mask  on  a  glass  substrate,  (b)  Second  step:  the  electrode  Au  is  sputtered  onto  TE  films  using  mask,  then  a  parallel  device  is  fabricated.  For  the  series 
device,  (e)  First  step:  p-Sb2Te3  film  is  deposited  by  thermal  evaporation  technique  via  mask  on  a  glass  substrate,  (g)  Second  step:  n-Bi2Te3  film  is  deposited  using  another 
mask,  (c)  Third  step:  the  electrode  Au  is  sputtered  onto  TE  films  using  mask  to  electrically  connect  the  p-  and  n-type  elements,  then  a  series  device  is  fabricated. 


output  power  Pmax  of  0.21  pW  were  obtained  at  a  temperature  dif¬ 
ferent  AT  of  30 1<  [17].  da  Silva  and  Kaviany  fabricated  a  micro  TE 
cooler  with  60  pairs  of  n-type  Bi2Te3  and  p- type  Sb2Te3  elements 
using  co-evaporation.  The  thickness  and  diameter  of  each  colum¬ 
nar  element  are  approximately  4.5  p,m  and  40  p>m,  respectively.  A 
maximum  temperature  different  A Tmax  of  1 .3  K  was  obtained  at  an 
operating  current  of  23  mA  [18]. 

Recently,  based  on  these  nanostructured  TE  materials,  the 
solid-state  power  generation  and  cooling  devices  have  showed 
high-power  energy  conversion  and  a  potential  to  be  applied  com¬ 
mercially  in  large-scale.  The  success  of  these  applications  requires 
the  development  of  a  versatile  assembly  process  for  producing 
large  area  ordered  nanostructure.  Chowdhury  and  Venkatasub- 
ramanian  et  al.  have  made  a  giant  stride  forward  in  enhancing 
the  cooling  efficiency  of  the  TE  devices  by  employing  nanostruc¬ 
tured  TE  films.  A  7x7  array  consisting  of  p-Bi2Te3/Sb2Te3  and 
n-Bi2Te3/Bi2Te283Se0.i7  superlattice  couples,  prepared  by  metal 
organic  vapor  phase  deposition,  could  produce  a  cooling  as  much 
as  1 5  K  at  3  A  current  [19]. 

It  is  still  a  challenge  to  find  a  simple  and  universal  strategy 
with  a  high  degree  of  control  for  fabricating  oriented  thermo¬ 
electric  nanostructures.  In  our  previous  work,  Bi2Te3  thin  films, 
composed  of  ordered  nanowire  arrays,  have  been  successfully  fab¬ 
ricated  by  a  convenient  physical  vapor  deposition  method  without 
using  any  template  [20].  Here,  we  grow  density  p-Sb2Te3  and  n- 
Bi2Te3  films  with  ordered  slender  columns  nanostructures  by  a 
simple  thermal  evaporation  method.  Continuously,  compactly  and 
orderly  p-Sb2Te3  or  n-Bi2Te3  thin  films  can  grow  on  a  substrate  in 
a  large  scale.  By  using  masks,  different  patterns  of  TE  micro  devices 
were  constructed  by  these  films  as  elements.  Then,  enhanced  ther¬ 
moelectric  performance  was  obtained. 

2.  Experimental 

The  p-Sb2Te3  and  n-Bi2Te3  films  were  successfully  grown  on 
Si02  substrate  by  the  thermal  evaporation  technique.  Sb2Te3 
and  Bi2Te3  powder  (99.99%  in  purity)  were  mounted  onto  the 
evaporating  dish,  and  the  evaporated  currents  were  165  A  and 
160  A  for  ordered  Sb2Te3  and  Bi2Te3  films,  respectively.  While 
morphologically  disordered  Sb2Te3  and  Bi2Te3  films  were  pro¬ 
duced  for  155  A  and  150 A,  respectively.  Before  deposition,  the 


substrates  were  first  cleaned  by  diluted  nitric  acid,  and  then  ace¬ 
tone,  and  dried  under  the  nitrogen  airflow.  The  working  pressure 
was  maintained  at  2  x  1 0-6  Torr  in  the  deposition  process  for  all  the 
films. 

Two  sets  of  stainless  steel  masks  were  prepared  to  fabricate  dif¬ 
ferent  electrically  connected  devices,  i.e.,  in  parallel  or  in  series,  and 
each  set  of  masks  contain  mask  for  TE  films  (maskf)  and  mask  for 
electrode  (maske),  respectively.  Fig.  1  shows  the  process  flow  of  the 
thermoelectric  devices  obtained  using  a  simple  vacuum  thermal 
evaporation  technology.  Illustrations  of  the  process  sequence  and 
schematics  of  the  fabricated  thermoelectric  devices  are  presented. 
The  size  of  parallel  device  is  22  mm  x  10  mm  with  each  TE  element 
2.5  mm  x  0.2  mm  in  area.  Sb2Te3  (or  Bi2Te3 )  film  was  first  deposited 
onto  substrate  under  maskf,  and  then  Au  electrode  was  sputtered 
onto  TE  films  using  maske.  Thus,  a  parallel  device  consisting  of  38 
elements  of  p- type  Sb2Te3  (or  n-type  Bi2Te3)  was  produced.  For 
the  series  device,  the  total  size  is  30  mm  x  4  mm  with  each  TE  ele¬ 
ment  3  mm  x  0.2  mm  in  area.  24  p-Sb2Te3  and  n-Bi2Te3  elements 
were  separately  deposited  under  maskf,  and  then  Au  was  sputtered 
using  maske  to  electrically  connect  the  p-  and  n-type  elements.  This 
geometry  allows  us  to  obtain  a  series  device  consisting  of  24  p-n 
couples  with  Sb2Te3  and  Bi2Te3  arranged  in  alternation.  The  total 
thickness  of  all  the  TE  films  is  3  p,m  and  the  electrode  thickness  is 
400  nm. 

The  crystal  structure  of  the  films  was  examined  by  X-ray 
diffraction  (XRD,  Rigaku  D/MAX  2200)  with  Cu  Ka  radiation 
{X  =  0.1 54056  nm).  The  morphology  of  the  films  was  observed  by 
field  emission  scanning  electron  microscopy  (FE-SEM,  Sirion  200). 
Electrical  conductivity  and  Seebeck  coefficient  of  the  films  were 
examined  by  ZEM-3  (Ulvac  Riko,  Inc.)  with  a  self-made  test  holder 
for  film  measurement  in  the  plane  direction  within  the  accuracies 
of  4%.  The  out-plane  thermal  conductivity  data  was  collected  using 
TCN-2cd  (Omega)  (Ulvac  Riko,  Inc.)  at  the  room  temperature.  We 
measured  the  thermal  resistance  of  the  films  with  different  thick¬ 
nesses  at  different  frequencies  (400,  500,  1000  and  1500  Hz)  and 
calculated  the  slope  of  the  curve  about  thermal  resistance  of  the 
films  with  different  thicknesses.  Thus,  the  thermal  conductivity  of 
the  film  {/Cf)  is  calculated  as  below: 

1 

'C/_Sc  +  ((D/.S/)/(^.Dg.Sg)) 
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Fig.  2.  XRD  patterns  of  (a)  Sb2Te3  and  (b)  Bi2Te3  films. 

where  Sc  is  a  slope  of  the  curve  about  thermal  resistance  versus 
thickness  of  the  films,  Df  is  density  of  the  thin  film,  Sf  is  specific  heat 
of  the  thin  film,  and  /cg,  Dg,  Sg  are  thermal  conductivity,  density,  spe¬ 
cific  heat  of  the  glass  substrate,  respectively.  A  four-probe  method 
with  Hall  effect  measurement  (ECOPIA  HMS-3000)  was  employed 
to  determine  the  concentration  (n)  and  mobility  (/z)  of  the  carriers 
through  the  equations  n  =  yA/eRu  and  /z  =  Rh/a  respectively,  where 

is  Hall  coefficient,  y  is  the  structure  factor,  A  is  the  Hall  factor,  e  is 
the  electron  charge,  and  p  is  the  electrical  resistivity.  We  have  also 
measured  the  overall  resistance  of  the  thin  thermoelectric  devices 
by  voltammetry.  The  output  voltages  of  the  devices  were  measured 
by  DC  digital  voltage/current  meter  (Shanghai  SB-2238)  when  sup¬ 
plying  a  temperature  difference  between  hot  and  cold  sides  of  the 
devices. 

3.  Results  and  discussion 

Oriented  p-Sb2Te3  and  n-Bi2Te3  thin  films  with  special  nano¬ 
structure  have  been  synthesized  by  a  simple  vacuum  thermal 
evaporation  technique,  which  show  a  preferential  growth  in  the 
films.  XRD  patterns  of  Sb2Te3  and  Bi2Te3  films  were  shown  in  Fig.  2. 
For  the  Sb2Te3  films,  all  peaks  are  indexed  as  rhombohedral  phase 
(JCPDS  71-0393)  (shown  in  Fig.  2a).  The  intensity  of  (0 1  5)  peak  of 
Sb2Te3  is  dramatically  strong  as  compared  with  standard  card,  indi¬ 
cating  a  highly  preferential  orientation  of  the  Sb2Te3  film  along  the 
(015)  directions.  Shown  in  Fig.  2b,  the  diffraction  patterns  of  Bi2Te3 
film  match  the  rhombohedral  structure  (JCPDS  15-0863).  Differ¬ 
ent  from  Sb2Te3  film,  Bi2Te3  film  shows  only  few  major  diffraction 
peaks.  The  intensity  of  (0 1  5)  peak  is  also  dramatically  strong,  and 
other  peaks  became  weak  or  even  disappear,  indicating  highly  pref¬ 
erential  growth  along  [015]  orientation. 

The  microstructures  of  p-Sb2Te3  and  n-Bi2Te3  thin  films  were 
shown  in  Fig.  3.  Seen  from  the  top  view  (shown  in  Fig.  3a  and 
e),  the  films  are  dense  and  uniform.  Besides,  many  small  grains 


distribute  on  the  Bi2Te3  film  surface  in  Fig.  3e.  The  high  density 
of  small  grains  is  benefit  for  enhancing  the  properties  of  TE  films. 
Seen  from  the  cross-sectional  images  of  the  films  (Fig.  3b  and 
f),  Sb2Te3  and  Bi2Te3  grains  were  grown  in  well  ordered  slender 
columnar  shape  perpendicular  to  the  substrates,  along  their  pref¬ 
erential  growth  directions.  The  diameters  of  the  columnar  grains 
are  estimated  to  be  10-1 00  nm  for  the  ordered  Sb2Te3  film  and 
Bi2Te3  film.  By  changing  the  deposition  time  in  our  experiment,  the 
thickness  of  films  can  be  controlled  to  be  above  5  [xm.  EDX  analysis 
shows  slightly  Sb  or  Bi  composition  segregation  in  the  films  (see 
Table  1 ).  The  formation  energy  for  vacancies  or  antisite  defects  (Sb 
or  Bi  on  the  Te  sublattice)  is  low  in  Sb2Te3  or  Bi2Te3.  These  excess 
Sb  or  Bi  atoms  can  be  in  the  form  of  Sb  or  Bi  antisite  atoms,  that 
is,  Sb  or  Bi  replaces  Te  creating  a  carrier,  which  contribute  to  the 
increase  in  electrical  conductivity. 

The  guiding  principle  in  vapor  phase  growth  is  to  control  the 
supersaturation  of  the  vapors.  The  degree  of  supersaturation  plays 
an  important  role  in  the  control  over  the  morphology  of  the 
obtained  nanostructures.  Generally,  high  supersaturation  leads  to 
the  growth  of  small  powders,  while  medium  supersaturation  is 
favorable  for  the  preparation  of  whisker  and  nanowires,  and  low 
supersaturation  for  bulk  crystal  growth.  In  our  experiment,  the 
degree  of  supersaturation  is  controlled  by  the  evaporated  currents. 

By  controlling  growth  parameter,  the  films  microstructures 
have  changed  obviously  as  shown  in  Fig.  3.  When  the  evaporated 
current  is  lower,  the  disordered  Sb2Te3  or  Bi2Te3  film  is  obtained, 
which  is  obviously  disordered  stacked  by  hexagonal  plates  (shown 
in  Fig.  3g  and  h).  The  sizes  of  the  grains  are  estimated  to  be 
30-200  nm  for  the  disordered  Sb2Te3  and  Bi2Te3  films.  The  inten¬ 
sity  of  (01  5)  peak  of  the  above  disordered  Sb2Te3  film  is  weak 
(shown  in  Fig.  2a),  which  indicates  that  the  preferential  growth 
of  (0 1  5)  direction  is  the  essential  reason  for  the  formation  of  ori¬ 
ented  columnar.  The  diffraction  patterns  of  disordered  Bi2Te3  film 
well  match  the  rhombohedral  structure  (JCPDS  15-0863,  shown  in 
Fig.  2b). 

The  effects  of  morphology  of  films  on  the  in-plane  electrical 
conductivity,  Seebeck  coefficient,  and  out-plane  thermal  conduc¬ 
tivity  were  studied  as  shown  in  Table  1.  Electrical  conductivities 
of  the  disordered  films  were  obtained  at  room  temperature,  with 
<7sb2Te3  =  2.4  x  104  S/m  and  <7Bi2 Te3  =  9.12  x  104  S/m,  respec¬ 
tively.  While  electrical  conductivities  of  the  oriented  films  is 
crSb2Te3  =  8.05  x  104S/m  and  crBi2Te3  =  12.8  x  104S/m,  which  are 
higher  than  those  of  the  prepared  disordered  films  and  the  reported 
values  of  Sb2Te3  and  Bi2Te3  films  [18,21  ].  The  ordered  microstruc¬ 
tures  of  TE  films  composed  of  nano-sized  columnar  grains  should 
be  responsible  for  high  electrical  conductivity.  Perhaps  the  compact 
microstructure  is  benefit  for  enhancing  the  mobility  of  carriers,  this 
is,  the  strong  orientation  plane  constitutes  a  relatively  preferential 
way  for  carriers  transport  and  promotes  the  carriers  mobility  and 
electrical  conductivity.  The  Seebeck  coefficients  (S)  are  measured 
to  be  about  1 64  p,V  K-1  and  -85  p,V  K-1  for  the  oriented  Sb2Te3  and 
Bi2Te3  films  at  RT,  respectively,  while  Ssb2Te3  =  132  |jiV  K-1  and 
5Bi2Te3  =  -46  p,V  I<-1  for  the  disordered  Sb2Te3  and  Bi2Te3  films. 
Then  as-prepared  Sb2Te3  film  is  a  p- type  semiconductor  and  Bi2Te3 


Table  1 

Transport  properties  and  compositions  of  thin  films  measured  at  room  temperature. 


Films 

Carrier  concentration3 
(102°/cm3) 

Carrier  mobility3 
(cm2 /(Vs)) 

Electrical  conductivity13 
(104  S/m) 

Seebeck  coefficient 
(M'V/K) 

Thermal  conductivity 
(W/(mK)) 

Sb  or  Bi/Te 
atomic  ratio 

Ordered  Sb2Te3 

4.4 

81 

8.05 

164 

0.78 

41.2/58.8 

Disordered  Sb2Te3 

4.9 

31 

2.4 

132 

- 

41.4/58.6 

Ordered  Bi2Te3 

-57 

75 

12.8 

-85 

0.91 

42/58 

Disordered  Bi2Te3 

-6.8 

23 

9.12 

-46 

- 

41.7/58.3 

a  The  data  are  determined  by  ECOPIA  HMS-3000. 
b  The  data  are  directly  measured  by  ZEM. 
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Fig.  3.  SEM  images  of  (a,  b)  oriented  and  (c,  d)  disoriented  Sb2Te3  films  with  (a,  c)  top-view  and  (b,  d)  cross-sectional  view,  respectively;  SEM  images  of  (e,  f)  oriented  and 
(g,  h)  disoriented  Bi2Te3  films  with  (e,  g)  top-view  and  (f,  h)  cross-sectional  view,  respectively. 


film  is  n-type  one.  The  Seebeck  coefficient  and  electrical  conductiv¬ 
ity  in  the  films  with  oriented  column  arrays  are  promisingly  higher 
than  those  of  disordered  films,  which  also  indicate  the  oriented 
nanostructures  are  beneficial  to  the  improving  thermoelectric 
performance.  The  out  of  plane  thermal  conductivity  of  the  oriented 
Sb2Te3  and  Bi2Te3  are  0.78W/(mI<)  and  0.91W/(mI<),  respec¬ 
tively,  which  are  lower  than  that  reported  for  Sb2Te3  and  Bi2Te3 
materials  [22-26].  The  lattice  thermal  conductivity,  /clatt  (according 
the  Wiedemann-Franz  law  /qatt  =  /c  -  LoT  with  a  Lorentz  number 
1  =  1.3  x  10-8  W£2I<-2  which  indicates  a  significant  reduction  in 


the  Lorenz  factor  compared  with  2.44  x  10-8W£2I<-2,  owing  to 
non-parabolicity  of  the  bands  and  various  scattering  mechanisms 
are  taken  into  consideration  in  non-degenerate  Bi2Te3 -based  semi¬ 
conductors  with  low  dimensional  structure  [12,26-28]),  are  about 
0.47  Wm-1  K-1  and  0.41  Wm^K"1  for  the  ordered  Sb2Te3  and 
Bi2Te3  films,  respectively,  which  are  much  less  than  the  reported 
values  of  the  films  [26].  Thermal  conductivity  of  the  ordered 
Sb2Te3  and  Bi2Te3  are  lower  than  that  of  the  materials  as  expected 
because  of  its  unique  build-up  structures.  It  is  explained  that  a  large 
number  of  nanoscaled  grains  effectively  scatter  phonons  over  a 
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Fig.  4.  Photographs  of  (a)  Sb2Te3,  (b)  Bi2Te3,  (c)  Bi2Te3-Sb2Te3  devices  and  the  insets  show  the  SEM  images  electrode/TE  films  interconnects. 


wide  range  of  frequencies  as  long  as  it  has  sufficiently  small  grain 
size.  Besides,  there  will  be  increased  phonon  scattering  from 
the  grains  boundaries  or  the  interfaces  of  the  ordered  slender 
columnar-shape  grains.  If  the  thermal  conductivities  of  the  two 
films  were  nearly  isotropic,  ZT  of  the  oriented  p-Sb2Te3  and 
n-Bi2Te3  films  could  be  estimated  to  be  about  0.83  and  0.3  at 
RT,  respectively.  Compared  with  previous  reports  on  the  films 
prepared  by  co-evaporation  [29],  our  Sb2Te3  film  with  controlled 
microstructure  shows  an  improved  ZT.  However,  the  ZT  of  the 
Bi2Te3  film  is  still  low. 

To  better  understand  the  transport  properties  of  the  TE  films, 
Hall  effects  measurement  was  carried  out  at  room  temperature 
to  study  the  concentration  and  mobility  of  the  carriers.  It  can 
be  seen  that  the  Hall  mobility  and  carrier  concentration  exhibit 
greatly  different  between  the  oriented  nanostructures  and  the 
disordered  microstructures  in  Table  1.  The  films  with  oriented 
structures  have  high  mobility  of  81  and  75cm2/(Vs)  for  Sb2Te3 
and  Bi2Te3  films,  respectively.  It  may  be  due  to  the  fact  that 
the  compact  column  arrays  are  somewhat  advantageous  to  the 
carrier  transport,  i.e.,  the  ordered  grains  interfaces  or  boundaries 
contribute  to  the  enhanced  carrier  mobility.  The  high  values 
of  carrier  concentration  of  the  films  lead  to  its  relatively  high 
electrical  conductivity  due  to  formation  lots  of  defects.  Especially 
in  the  ordered  Bi2Te3  film,  the  column  arrays  composed  of  a  large 
number  of  small  grains  trap  the  holes  and  produce  more  electrons 
in  the  ordered  interfaces/boundaries  and  defects  as  a  result  of 
high  carrier  concentration.  The  electrical  conductivity  of  the  films 
is  estimated  by  according  to  cr  =  ne/z,  which  are  higher  than  the 
results  measured  by  ZEM-3.  But  the  high  carrier  concentration  of 
the  films  may  result  in  a  high  thermal  conductivity,  possibly  reduc¬ 
ing  the  figure  of  merit  in  the  films.  Moreover  it  was  also  observed 
that  the  disordered  films  have  a  lower  mobility  than  the  oriented 
films.  Two  possible  explanations  are,  firstly,  more  disordered  grain 
boundaries  scatter  charge  carriers  in  the  disoriented  thin  films,  and 
secondly  the  collisions  of  charge  carriers  with  each  other  become 
significant  when  carrier  concentration  is  higher  in  the  films. 

Subsequently,  TE  devices  were  constructed  using  these  disor¬ 
dered  or  oriented  p-Sb2Te3  and  n-Bi2Te3  films.  Two  types  of  circuit 


were  designed,  one  is  electrically  connected  in  parallel,  and  the 
other  is  in  series.  Fig.  4  shows  photographs  of  devices  constituted 
by  oriented  p-Sb2Te3  or  n-Bi2Te3  elements  in  parallel,  respectively, 
and  p-Sb2Te3/n-Bi2Te3  film  elements  in  series.  The  insets  in  Fig.  4 
further  show  detailed  morphology  of  the  electrode/TE  films  inter¬ 
connect  to  make  sure  they  are  in  good  electrical  contact,  which  is 
a  key  issue  in  guaranteeing  device  performance. 

The  resistances  of  the  morphologically  disordered  p-Sb2Te3,  n- 
Bi2Te3  and  p-Sb2Te3/n-Bi2Te3  films  devices  are  7.8  £2,  6.5  £2  and 

8.1  k£2,  respectively.  While  by  introducing  the  oriented  nanostruc¬ 
ture  into  the  films,  the  resistances  approach  to  6.9  £2,  4.7  £2  and 

7.2  k^  correspondingly  (see  Table  2).  The  resistances  are  still  rel¬ 
atively  high  due  to  relatively  high  resistance  of  the  TE  films  and 
the  contact  resistance  between  electrode  and  TE  films.  The  colum¬ 
nar  grains  with  the  size  of  tens  nanometers  form  large  number  of 
grain  boundaries  perpendicular  to  the  substrate,  which  will  con¬ 
tribute  to  the  increase  of  film  in-plane  resistance.  On  the  other 
hand,  these  boundaries  might  be  benefit  for  the  reduction  of  in¬ 
plane  lattice  thermal  conductivity  due  to  the  increase  of  phonon 
scattering  at  interfaces.  Some  electrode/TE  film  interface  is  clear 
and  has  sharp  edge  (see  the  inset  in  Fig.  4c),  but  sometimes,  the 
interface  is  vague  with  two  materials  mutually  diffusing  (see  the 
inset  in  Fig.  4b).  Thus  there  is  a  great  room  for  decreasing  of  resis¬ 
tance  by  the  improvement  of  TE  device  construction  processing 
to  lower  the  contact  resistance.  The  contact  resistance  is  expected 
to  be  reduced  using  an  interface  layer  between  metallic  junctions 
and  thermoelectric  elements,  and  annealed  process.  Besides,  the 
thickness  of  electrode  is  thinner  than  its  TE  films.  The  electrodes 
may  possibly  break  by  thermal  shock,  leading  to  the  high  electrical 
resistivity  in  the  devices  fabrication  process. 

The  performance  of  these  devices  as  power  generator  and  cooler 
has  been  valued.  To  measure  the  open  output  voltage  under  a  tem¬ 
perature  difference  (AT),  we  heated  one  side  of  the  TE  element  and 
cooled  the  other  side  by  using  a  specific  accessory.  The  maximum 
output  power  was  estimated  by  the  open  output  voltage  and  inter¬ 
nal  resistance  of  device.  Fig.  5  shows  the  variation  of  open  output 
voltage  (Vop,  squares)  and  output  power  (P,  circles)  with  tem¬ 
perature  difference  of  devices.  For  each  device,  the  V0p  increases 
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Fig.  5.  Open  output  voltage  (square)  and  output  power  (triangle)  change  with  tem¬ 
perature  difference  of  the  (a)  p-Sb2Te3  parallel  device,  (b)  n-Bi2Te3  parallel  device 
and  (c)p-Sb2Te3/n-Bi2Te3  series  device. 


approximately  linearly  with  temperature  difference,  which  also 
implies  that  the  S  nearly  remains  constant  with  temperature.  In 
contrast  to  the  bulk  Sb2Te3  and  Bi2Te3  materials,  whose  Seebeck 
coefficients  decrease  as  the  temperature  increases,  the  tempera¬ 
ture  stability  of  S  of  the  oriented  p-Sb2Te3  and  n-Bi2Te3  films  are 
useful  when  the  TE  device  is  in  practical  use. 


The  measured  output  voltage  was  lower  than  the  expected 
voltage  calculated  from  the  Seebeck  coefficient  of  the  thin  films, 
especially  for  the  series  device  with  24  p-n  couples.  This  may 
come  from  the  electric  loss  at  the  interconnects  because  of  the 
contact  resistance,  and  measurement  error  on  the  exact  temper¬ 
ature  at  hot  side.  Pmax  is  proportional  approximately  to  (AT)2 
because  Pmax  =  V0p2 /4ftin,  where  ftin  is  the  internal  resistance  of  a 
device  (ftin  =  Rn  +  Rp  +  Rc  +  ft/,  Rn  and  Rp  are  the  electrical  resistances 
of  n-type  and  p- type  thermoelements,  respectively;  Rc  is  the  total 
electrical  contact  resistance;  ft/  is  the  total  electrical  interconnect 
resistance). 

The  highest  values  of  Vop  and  Pmax  for  these  devices  as  power 
generator  are  summarized  in  Table  2.  In  these  devices  with  the 
disordered  films,  for  the  38  p- type  Sb2Te3  parallel  device,  Vop  is 
9  mV  and  Pmax  is  2.6  pAV  at  AT=106K.  Vop  of  the  n-type  Bi2Te3 
parallel  device  is  4.1  mV  and  Pmax  is  0.65  [xW  at  AT=107K;  and 
Vop  of  24-pair  p-Sb2Te3/n-Bi2Te3  couples  series  device  is  195  mV 
and  Pmax  is  1.17  p,W  at  AT  =102  K.  While  the  power  performances 
of  such  devices  are  greatly  enhanced  when  introducing  the  ori¬ 
ented  nanostructure  into  the  films.  Vop  and  Pmax  of  38  p- type 
Sb2Te3  parallel  device  are  up  to  13.4  mV  and  6.51  pW  at  AT  =106  K, 
respectively;  Vop  and  Pmax  of  the  n-type  Bi2Te3  parallel  device 
are  enhanced  to  6.7  mV  and  2.39  pW  at  AT=107I<;  and  for  24- 
pair  p-Sb2Te3/n-Bi2Te3  couples  series  device,  Vop  =  313mV  and 
ftmax  =  3.4pW  are  obtained  at  AT=102K.  p- type  Sb2Te3  parallel 
device  shows  the  highest  output  power  due  to  larger  absolute  value 
of  Sp.  Though  Vop  of  24-pair  series  device  is  multiplied  than  that 
of  parallel  device,  the  Pmax  is  lower  than  expected,  which  may 
come  from  big  difference  in  Seebeck  coefficient  absolute  values 
between  the  p-  and  n-type  materials,  and  relatively  larger  contact 
resistance  in  the  series  pattern.  Compared  with  reported  perfor¬ 
mances  of  TE  film  devices,  e.g.,  Pmax  =  23.3  nW  of  60-pair  device  at 
AT=  1 60  K,  and  Pmax  =  65  nW  of  1 20-pair  device  at  AT=  1 68  K  [30], 
and  Vop  =  83.3  mV  and  estimated  Pmax  =  0.21pW  obtained  from 
7  p-n  bismuth-telluride  alloy  thin  film  generators  at  AT=30K 
[17],  the  devices  with  oriented  nanostructure  show  excellent  per¬ 
formance.  This  implies  our  TE  film  devices  with  high  relatively 
intrinsic  ZT  values  can  efficiently  convert  heat  into  electricity.  At  the 
same  time,  the  geometry  configuration  of  devices  and  processing 
technique  are  greatly  sophisticated  and  effective  in  our  experi¬ 
ments.  By  simple  calculation,  we  could  know  that  when  contact 
resistance  was  decreased  by  half,  the  highest  output  power  could 
be  increased  about  8-17%  for  the  devices.  To  be  specific,  if  ftc  of 
the  ordered  n-type  Bi2Te3  device  was  reduced  to  0.7  £2,  assuming 
Vop  =  6.7  mV,  the  output  power  will  be  2.8  fxW  at  AT  =107  K,  then 
the  highest  output  power  could  be  increased  about  17%. 

On  the  other  hand,  the  cooling  of  these  devices  has  been  also 
measured.  Among  the  disordered  films  devices,  p- type  Sb2Te3  and 
n-type  Bi2Te3  parallel  devices  produced  AT  =  3.1  K  and  2.2  K  at  2  V 
work  voltage,  respectively.  Only  AT « 1  K  was  obtained  in  24  pair 
p-n  couples  series  device  at  5  mA  current.  But  AT = 4.1  K,  2.9  K,  and 
1.4  K  were  achieved  for  the  oriented  p- type,  n-type,  and  p-n  type 
films  devices,  respectively,  under  the  same  work  conditions.  A  fac¬ 
tor  that  should  be  considered  in  microcoolers  is  the  heat  conduction 
from  the  metal  wire  to  the  cold  side  of  the  devices.  This  will  reduce 
the  maximum  cooling.  In  addition,  the  thermal  resistance  of  the 


Table  2 

The  highest  open  output  voltage  (Vop)  and  output  power  (Pmax)  as  a  function  of  temperature  difference  of  the  six  set  of  devices. 


Types 

Devices 

Rin  (£2) 

Rc(tt) 

AT  (I<) 

V0p  (mV) 

Pmax  (|XW) 

Parallel 

Ordered  p-Sb2Te3 

6.9 

1.1 

106 

13.4 

6.51 

Parallel 

Disordered  p-Sb2Te3 

7.8 

1.3 

106 

9 

2.6 

Parallel 

Ordered  n-Bi2Te3 

4.7 

1.4 

107 

6.7 

2.39 

Parallel 

Disordered  n-Bi2Te3 

6.5 

1.6 

107 

4.1 

0.65 

Series 

Ordered  p/n- type 

7200 

1900 

102 

313 

3.4 

Series 

Disordered  p/n- type 

8100 

2200 

102 

195 

1.17 
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Table  3 

The  power  factor  of  the  thin  films  and  the  cooling  performance  of  the  devices. 


Films 

Devices 

S2a  (mW/(mI<2)) 

Vor/ 

AT  (I<) 

Reference 

p-Sb2Te3 

38  p- type 

2.17 

2  V 

4.1 

Our  work 

n-Bi2Te3 

38  n-type 

0.92 

2  V 

2.9 

p-Sb2Te3/n-Bi2Te3 

24  pair  p/n 

2.17/0.92 

5  mA 

1.4 

p-Sb2Te3/n-Bi2Te3 

126  pair  p/n 

- 

110  mA 

2 

[15] 

p-Sb2Te3/n-Bi2Te3 

60  pair  p/n 

0.3/0.15 

23  mA 

1.3 

[18] 

p-Sb2Te3/n-Bi2Te3 

200  pair  p/n 

0.08/0.3 

200  mA 

1.2 

[21] 

p-Sb2Te3/n-Bi2Te3 

1  pair  p/n 

0.82/3.1 

55  mA 

15.5 

[31] 

substrate,  the  cooling  power  loss  from  the  side  contact,  and  the 
Joule  heating  affect  the  work  performance.  It  is  also  very  important 
for  the  designed  sizes  of  devices  due  to  affecting  the  maximum 
cooling.  But  it  further  implies  that  the  cooling  efficiency  of  the 
devices  was  enhanced  obviously  through  using  the  films  with  ori¬ 
ented  nanostructure.  In  contrast  with  previous  results  [15,18,21], 
the  cooling  of  our  devices  also  exhibits  improved  performance  (see 
Table  3).  It  indicates  that  the  properties  of  thermoelectric  thin  films 
and  the  number  of  couples  and  the  sizes  of  devices  are  relatively 
desired  in  our  work.  We  expect  further  optimization  in  both  film 
materials  and  the  device  processing  technique,  which  will  yield 
higher  output  voltage  and  power. 

4.  Conclusions 

Oriented  p-Sb2Te3  and  n-Bi2Te3  thin  films  with  special  nanos¬ 
tructures  have  been  synthesized  by  a  simple  vacuum  thermal 
evaporation  technique.  The  films  consist  of  dense  slender  columnar 
grains  with  preferential  orientations  perpendicular  to  the  sub¬ 
strates.  These  nanostructured  Sb2Te3  and  Bi2Te3  elements  were 
integrated  into  the  devices  electrically  connected  in  parallel  or  in 
series.  Compared  with  TE  devices  without  oriented  TE  films,  the 
power  generation  and  cooling  performances  of  the  devices  were 
greatly  enhanced  by  introducing  oriented  films.  The  largest  output 
power  and  cooling  could  be  achieved  in  Sb2Te3  parallel  device  with 
Pmax  =  6.51  jjiW  at  AT  =106  K,  and  cooling  of  4.1  K  at  2  V.  The  24-pair 
p-n  couples  series  device  could  output  maximum  voltage  313  mV 
at  AT=  102K.  The  results  proved  that  designing  TE  devices  using 
low-dimensional  TE  materials  with  nanostructures  is  an  effective 
choice  to  obtain  high-efficient  micro  TE  device. 
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